African swine fever virus (ASFV) encodes two polyprotein precursors named pp220 and pp62 that are sequentially processed during viral infection, giving rise to six major structural proteins. These reside at the core shell, a matrix domain located between the endoplasmic reticulum-derived inner envelope and the DNAcontaining nucleoid. Proteolytic processing of the polyprotein precursors is catalyzed by the viral proteinase pS273R, a cysteine proteinase that shares sequence similarity with the SUMO1-processing peptidases. We describe here the construction and characterization of an ASFV recombinant, vS273Ri, that inducibly expresses the ASFV proteinase. Using vS273Ri, we show that repression of proteinase expression inhibits polyprotein processing and strongly impairs infective virus production. Electron microscopic examination of vS273Ri-infected cells showed that inhibition of proteolytic processing leads to the assembly of defective icosahedral particles containing a noncentered electron-dense nucleoid surrounded by an abnormal core shell of irregular thickness. The analysis of purified extracellular defective particles revealed that they contain the unprocessed pp220 and pp62 precursors, as well as the major DNA-binding nucleoid proteins p10 and pA104R. Altogether, these results indicate that the proteolytic processing of the polyproteins is not required for their incorporation into the assembling particles nor for the incorporation of the DNA-containing nucleoid. Instead, the ASFV proteinase is involved in a late maturational step that is essential for proper core assembly and infectivity.
Virus-encoded proteinases are involved in a variety of processes, such as the control of viral protein expression and the assembly and maturation of the virus particles, as well as in the interaction of the virus with the host cell. Positive-strand RNA viruses and retroviruses encode polyproteins that are proteolytically cleaved by viral proteinases to yield the nonstructural and structural proteins required for their replication and morphogenesis (20, 27, 33) . DNA viruses, such as adenoviruses and poxviruses, on the other hand, usually synthesize precursor proteins whose maturation by proteolytic removal of terminal peptides plays an essential role in virion formation (27) . However, African swine fever virus (ASFV), which is also a deoxyvirus, uses polyprotein processing as a strategy to produce several major structural components (42, 43) . The ASFV pS273R proteinase is a 30-kDa cysteine proteinase (4) that belongs to a recently identified family of enzymes, including the cellular SUMO-1-processing proteinases from eukaryotes (35) , as well as the viral proteinases L3 of adenovirus (1) and I7 of vaccinia virus (VV) (11) . All of the enzymes share a conserved homology domain of ca. 90 amino acids that contains the residues of the catalytic triad. Furthermore, all of them recognize similar cleavage sites in their substrates. Thus, the adenovirus L3 proteinase cleaves at the conserved (M,L,I)XGX-G or (M,L,I)XGG-X sites (46, 47) that are similar to the GG-X cleavage sites for SUMO-1-processing proteinases (30) and the ASFV proteinase (37) or the AG-X motif for the VV enzyme (44) .
ASFV, the sole member of the Asfarviridae family (19) , is an icosahedral, enveloped virus (17, 41, 45) that encodes more than 150 polypeptides, 30 to 50 of which are components of the virus particle (12, 23, 48) . ASFV assembles within discrete cytoplasmic areas, which are close to the microtubule organizing center (29) . Viral factories virtually exclude membrane organelles but are typically surrounded by a vimentin cage (13, 29) and recruit both mitochondria and cellular chaperones (29, 39) . In a first step of the assembly process, endoplasmic reticulum cisternae are recruited and transformed to give rise to precursor viral membranes (2, 3, 40) , which represent the first identifiable viral structures. Viral membranes become icosahedral particles by the gradual assembly of the outer capsid layer formed by protein p72 (2, 25) in an ATP-and calcium-dependent process (14) . At the same time, the core shell is formed underneath the viral envelope and, subsequently, the viral DNA and nucleoproteins are packaged and condensed to form the electron-dense nucleoid (2, 6, 10) . A fraction of the intracellular mature virions, which are infectious (5) , is transported to the plasma membrane by a microtubule-mediated mechanism (18) that is dependent on the viral protein pE120R (5). These virions are then released by budding (9) to give rise to the infectious extracellular mature virions, which contain an additional lipid envelope.
Two polyproteins named pp220 and pp62, which are expressed late during infection, are sequentially processed by the ASFV proteinase, giving rise to six major structural proteins. Proteins p150, p37, p34, and p14, derived from the pp220 precursor (42) , and proteins p35 and p15, derived from polyprotein pp62 (43) , are present in equimolecular amounts in the mature viral particle, representing Ͼ30% of the total virion protein mass (2, 7) . These six structural proteins, as well as the ASFV proteinase, are located at the same viral domain, the core shell, which functions like a matrix domain between the DNA-containing nucleoid and the inner envelope.
Proteolytic processing of the ASFV precursors is a tightly regulated process that is related to virus morphogenesis, as deduced from the analysis of several inducible ASFV recombinants. Thus, we have recently shown that the repression of precursor pp220 gene abrogates pp62 processing and leads to the assembly of core-less particles (6, 7) . On the other hand, the repression of the major capsid protein p72 impairs proteolytic cleavage of both polyproteins pp220 and pp62 and leads to the assembly of aberrant "zipper-like" structures consisting of a core shell-like domain flanked by lipid membranes (25) . Interestingly, similar structures are formed when both unprocessed precursors are coexpressed in transfected cells, which indicates that both polyproteins are capable of associating with each other (7) .
In order to study the role of proteolytic processing during ASFV assembly, we constructed and characterized a recombinant virus that inducibly expresses the ASFV proteinase. We show that proteolytic processing is essential for virus infectivity and mediates a late maturation step of core assembly.
MATERIALS AND METHODS

Cells and viruses.
Vero cells (ATCC CCL81) were grown in Dulbecco modified Eagle medium (DMEM) supplemented with 5% fetal calf serum (FCS), which was reduced to 2% during viral infection. The Vero cell-adapted ASFV strain BA71V, as well as the vGUSREP recombinant virus, have already been described (21, 25) . Highly purified extracellular virus was obtained by Percoll equilibrium centrifugation as described previously (12) .
Antibodies. The monospecific rabbit polyclonal antisera to the structural proteins p150, p37/p14, p34, p35, p15, p72, and pS273R have been described previously (4, 5, 42, 43) . Antibodies to proteins K78R and A104R have been described by Andrés et al. (6) .
Plasmid construction. The S273R promoter together with a single copy of the Escherichia coli lac operator sequence were amplified by PCR with the oligonucleotides 5ЈpriS273R (GCGCGGTACCCGGGCTATTAAAAAATAACAATA AAAACC) and 3ЈpriS273R (GCGCGGATCCAATTGTTATCCGCTCACAAT TCTATACATAGATTTCATAAGGTTTT). The amplified sequence contains a 44-bp sequence ranging from position Ϫ41 to ϩ3 relative to the main transcription initiation site of the S273R gene (designated ϩ1) (4), followed by a single copy of the 21-bp sequence of the E. coli lac operator sequence (8) . The PCR product was digested with KpnI and BamHI and cloned into plasmid pUCS273R, generating plasmid ppriS273R. This plasmid contains the entire S273R open reading frame, preceded by the inducible promoter, with the 3Ј end of the operator sequence situated 15 bp from the initiation codon. A left flanking region corresponding to a 475-bp sequence located immediately upstream of the initiation codon of the S273R open reading frame was amplified by PCR with the oligonucleotides 5ЈLFS273R (CGCGGTACCAAAGGCCTGATTTATACA CG) and 3ЈLFS273R (CGCGGTACCTTTAGCGGCCACTATACATAG) and cloned into the KpnI site of plasmid ppriS273R, generating plasmid pLFpriS273R. Finally, the cassette containing the strong ASFV late promoter of p72 followed by the lacZ reporter gene was obtained from plasmid p72gal10T (38) and cloned in both orientations into the single SmaI site of plasmid pLFpriS273R, located between both flanking regions. Thus, plasmids pIS273R(r) and pIS273R(l), from which the reporter gene is transcribed in the same or the opposite orientation as gene S273R, respectively, were obtained. All of the fragments obtained by PCR were checked for the absence of unwanted mutations by DNA sequencing.
Generation of recombinant vS273Ri virus. Recombinant viruses were obtained as described previously (38) with minor modifications. Briefly, Vero cells were infected with vGUSREP (25) and transfected with plasmid pIS273R(r) or pIS273R(l) in the presence of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). At 48 h postinfection (hpi), the cells were harvested, and recombinant viruses vS273Ri(r) and vS273Ri(l) were isolated by sequential rounds of plaque purification in the presence of 1 mM IPTG. The genomic structure of the recombinant viruses was confirmed by Southern blotting. The IPTG growth dependence of both viruses was determined, and the vS273Ri(r) virus was selected for further characterization and is referred to as vS273Ri.
Plaque assays. Preconfluent monolayers of Vero cells seeded on six-well plates were infected with 100 PFU of recombinant vS273Ri or BA71V. After 1 h, the inoculum was removed and the cells were overlaid with DMEM containing 0.6% Noble agar and 2% FCS in the absence or presence of 1 mM IPTG. Five days later, the medium was removed and the monolayers were stained with 1% crystal violet.
One-step virus growth curves. Vero cell monolayers in 24-well plates were infected with BA71V or recombinant vS273Ri at a multiplicity of infection of 5 PFU per cell. After a 1-h adsorption period, the cells were incubated in DMEM supplemented with 2% FCS, and 1 mM IPTG was added when needed. The infected cells with their medium were collected at different times postinfection and then sonicated, and the virus titers were determined by plaque assay in the presence of 1 mM IPTG.
Western blotting. Preconfluent Vero cell monolayers were either mock-infected or infected with BA71V or vS273Ri in the presence or absence of 1 mM IPTG at a multiplicity of infection of 10 PFU per cell. The cells were lysed at 18 hpi in Laemmli sample buffer, and equivalent amounts were electrophoresed in sodium dodecyl sulfate-12% polyacrylamide gels and transferred to nitrocellulose as described previously (2) . Protein detection was carried out with peroxidase-conjugated antibodies and the ECL system (Amersham Pharmacia Biotech) according to the manufacturer's indications.
Electron microscopy. For conventional Epon section analysis, Vero cells were infected with 10 PFU of BA71V or vS273Ri per cell in the presence or absence of 1 mM IPTG. At 18 hpi, the cells were fixed with 2% glutaraldehyde in 200 mM HEPES (pH 7.4) for 1 h at room temperature. Postfixation was carried out with 1% OsO 4 and 1.5% K 3 Fe(CN) 6 in H 2 O at 4°C for 30 min. The samples were dehydrated with acetone and embedded in Epon according to standard procedures. Purified parental BA71V and recombinant vS273Ri particles were processed as described above. Specimens were examined in a JEOL 1010 electron microscope.
RESULTS
Generation of recombinant virus vS273Ri.
To study the role of the ASFV proteinase pS273R during infection, we constructed the ASFV recombinant vS273Ri (Fig. 1A) , in which the endogenous proteinase promoter was substituted by an IPTG-dependent version. This inducible promoter consists of a 42-bp sequence derived from the S273R promoter region that contains the transcription initiation site of gene S273R (4), as well as the predicted minimal promoter elements (26), followed by a single copy of the E. coli lac operator sequence O1. In the recombinant vS273Ri virus, the expression of the S273R gene is regulated by the E. coli lac repressor, which is encoded by a copy of the lacI gene inserted within the nonessential thymidine kinase locus (24, 25) . The genomic structure of the resulting recombinant virus was confirmed by DNA hybridization analysis (data not shown). Figure 1B shows one-step growth curves of recombinant vS273Ri virus in the presence or in the absence of 1 mM IPTG. Under permissive conditions, the virus titers of recombinant vS273Ri, determined by plaque assay, were similar to those obtained with parental BA71V virus. In contrast, under restrictive conditions, vS273Ri titers were significantly lower. The maximal difference in infectious virus production was observed at 18 hpi and corresponded to ca. 2 log units. At later time points of infection, this difference decreased slowly, but it remained still greater than 1 log unit at 48 hpi. We also tested the ability of vS273Ri grown for 18 h under nonpermissive conditions to produce infectious virus upon IPTG addition. It was found that virus titers did not increase for an additional period of 8 h compared to a vS273Ri infection maintained in the absence of IPTG, indicating that the inhibition of infectious virus production in cells infected with vS273Ri under restrictive conditions is not reversible (data not shown). Plaque for-mation by the recombinant vS273Ri was dependent on the presence of the inducer in the assay. Altogether, these results indicate that vS273Ri is a lethal conditional mutant.
pS273R expression is IPTG dependent in vS273Ri-infected cells. To evaluate the effect of IPTG on the synthesis of pS273R, Vero cells were mock infected or infected with parental BA71V or recombinant vS273Ri virus in the absence or in the presence of IPTG concentrations ranging from 0.1 to 5 mM and collected at 18 hpi. The samples were analyzed for pS273R expression by Western blotting (Fig. 1C) . As a control, the expression of the major capsid protein p72 was examined on the same blot. In vS273Ri-infected cells, maximal pS273R expression was obtained at 1 mM IPTG. These maximal levels were, however, significantly lower than those observed in parental BA71V infections, thus suggesting that the IPTG-inducible promoter is weaker than the wild-type promoter. In spite of this, these proteinase levels were able to sustain a productive vS273Ri infection, as shown before (Fig. 1B) . Importantly, the proteinase band was not detectable in the absence of IPTG, demonstrating that expression of pS273R can be strongly repressed in this inducible virus.
Repression of pS273R expression severely impairs proteolytic processing. To analyze the effect of pS273R repression on the processing of polyproteins pp220 and pp62, Vero cells were infected with the parental BA71V virus or with the recombinant vS273Ri virus in the presence or absence of IPTG. The cells were harvested at 18 hpi and analyzed by Western blotting with a panel of antibodies against the different polyproteinderived products. As shown in Fig. 2 , the processing of both polyproteins was severely impaired under restrictive condi- The samples were analyzed by Western blotting with antibodies against the polyprotein pp62-derived products, p35 and p15, and against the polyprotein pp220-derived proteins p150, p34, and p37. Additionally, proteins p72 and pS273R were analyzed. Arrows indicate the different products of polyprotein processing and their precursors, as well as proteins p72 and pS273R.
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on November 11, 2017 by guest http://jvi.asm.org/ tions. Thus, proteins p35 and p15, derived from pp62, were nearly undetectable when no IPTG was added during the vS273Ri infection. Similarly, the polyprotein pp220 products p150, p34, and p37 were weakly detected under these conditions. In the presence of IPTG, however, the amount of processed products was similar to that found during infection with the parental virus. The residual processing of the polyproteins observed in the absence of IPTG is probably due to the presence of very low levels of the proteinase, which are undetectable by Western blot (see Fig. 1 and 2 ). As also shown in Fig.  1 , under permissive conditions, the proteinase levels were significantly lower than those observed in the BA71V infection.
This low-level expression of the proteinase under permissive conditions was, however, sufficient to process polyproteins pp220 and pp62 efficiently. As can be seen, the level of protein p72 expression determined on the same blots showed no appreciable variation. Polyprotein processing is required for proper core maturation. To determine the effect of the inhibition of polyprotein processing on virus assembly, we performed electron microscopy on Epon sections of Vero cells infected with BA71V or with vS273Ri in the presence or in the absence of IPTG and fixed at 18 hpi.
As shown in Fig. 3 , the viral factories of parental BA71V on November 11, 2017 by guest http://jvi.asm.org/ (Fig. 3A) or nonpermissive vS273Ri (Fig. 3B) infections had a similar overall appearance, showing a similar distribution of assembly intermediates, as well as apparently "full" icosahedral virions. When examined in detail, however, evident differences were observed in the core structure of the full particles. As previously described (2), the core region of a normal virion consists of a 30-nm core shell (see Fig. 3C and E [inset]), which is composed by the polyprotein products and an 80-nm central electron-dense nucleoid that contains the viral genome. In contrast, and as shown in detail in Fig. 3D and E, the vast majority of the full vS273Ri particles obtained under restrictive conditions contained a disorganized core shell of uneven thickness and a noncentered nucleoid with a high degree of condensation and that frequently presents an irregular shape. Moreover, whereas the mature BA71V particles exhibited an apparent retraction of the core (Fig. 3C) , the defective vS273Ri particles showed a close association between the viral core and the surrounding envelope (Fig. 3D) .
To quantitatively assess this ultrastructural phenotype, we estimated the percentage of aberrant and normal full icosahedral virions present in the virus factories at 18 hpi in the presence or in the absence of the inducer. As shown in Table  1 , the total density of apparently closed icosahedral particles was similar in vS273Ri factories, either in the presence or in the absence of IPTG, and in the assembly sites of parental BA71V infections. However, whereas the proportion of particles containing an aberrant core was 30% of the total full virions under permissive conditions or 14% in BA71V-infected cells, it was close to 90% in vS273Ri infections performed under restrictive conditions.
In a further approach, extracellular vS273Ri particles obtained in the absence of IPTG at 36 hpi were purified by Percoll gradient centrifugation to analyze their protein composition and morphology. The mutant vS273Ri particles were found to sediment at the same position in the gradient as BA71V particles (data not shown). Purified mutant vS273Ri particles and the parental BA71V virions were further processed for electron microscopy. Compared to the mature parental virions (Fig. 4A) , the mutant extracellular vS273Ri particles (Fig. 4B) presented the abnormal core, with the defect in nucleoid localization and core shell structure that is observed in the intracellular vS273Ri virions. This indicates that the core-defective full virions represent final particles produced in the absence of polyprotein processing.
Next, equivalent particle amounts of mutant and parental virions, as judged by their p72 protein content, were analyzed on Western blots for the presence of the polyprotein products. As shown in Fig. 4C , the processing products p34 and p35, derived from pp220 and pp62 polyproteins, respectively, were essentially absent from the defective virions; instead, the pp220 and pp62 unprocessed precursors were clearly present. Finally, we analyzed the defective vS273Ri particles for their content in the major DNA-binding proteins p10 and pA104R, which reside at the nucleoid. As is apparent, both proteins are present in amounts similar to those of the parental BA71V particles. Altogether, these results indicate that the two polyproteins can be incorporated into the virus particles as unprocessed precursors and that proteolytic processing represents a late maturational step necessary for the correct organization of the internal virus domains.
DISCUSSION
In this study we have analyzed the role of polyprotein processing in ASFV replication by means of a recombinant virus that inducibly expresses the proteinase pS273R. To construct this virus, we modified the endogenous S273R promoter to obtain an IPTG-regulated version that allows a tight repression of proteinase expression. Using the recombinant vS273Ri virus we have shown that the ASFV proteinase is essential for the production of infectious virus particles. Thus, under repressive conditions, the yield of infectious virus in one-step growth curves was ca. 2 log units lower than that obtained in the presence of IPTG or with the parental virus. This finding correlates with a strong inhibition of the proteolytic processing of polyproteins pp220 and pp62. Despite the low levels of proteinase expression under permissive conditions, both virus FIG. 4 . Analysis of Percoll-purified defective vS273Ri particles. Parental BA71V (A) and defective vS273Ri (B) viruses were collected from the culture medium at 36 hpi and purified through a Percoll density gradient. Virions were fixed with glutaraldehyde and processed for conventional electron microscopy. Bars, 100 nm. (C) Equivalent amounts of vS273Ri and BA71V particles were analyzed by Western blotting with antibodies against the proteolytic processing products of polyproteins pp220 and pp62 (p34 and p35, respectively), the major DNA-binding proteins pA104R and p10 or the capsid protein p72. a Thin sections of BA71V-infected Vero cells or vS273Ri-infected cells in the presence or absence of IPTG and fixed at 18 hpi were examined under the electron microscope. In each case, the number of total icosahedral virus particles (TV) per factory was counted, and the average surface area of the factory was estimated. Among total virus particles, full particles (FV), which were considered either mature (MV) or defective (DV) particles based on the appearance of their core, and empty particles (EV) were counted. The percentage of each class of particle is indicated. More than 200 total particles were counted for each situation in at least four different viral factories.
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on November 11, 2017 by guest http://jvi.asm.org/ yield and proteolytic processing were found to occur as efficiently as in control BA71V infections. This can probably be explained by the fact that the regulated gene product is an enzyme. Electron microscopic examination of vS273Ri-infected cells demonstrated that the impairment of proteolytic processing results in the assembly at the viral factories of full, icosahedral virions with an abnormal core structure. This deficient core consists of a misplaced electron-dense nucleoid with irregular shape, which is surrounded by a disorganized core shell of uneven thickness. Also, unlike mature virions, whose core structure seems to be somewhat detached from the surrounding inner envelope, the defective cores appear to be tightly associated with it. This mutant phenotype seems to be irreversible, since the induction of pS273R expression in vS273Ri-infected cells previously maintained under restrictive conditions did not increase virus yield. This suggests that newly synthesized proteinase has no access to the previously assembled mutant particles. Analysis of the purified mutant vS273Ri particles showed that they contain the unprocessed pp220 and pp62 precursors, as well as the major DNA-binding proteins p10 and pA104R. Therefore, the incorporation of the polyprotein precursors and of some of the major components of the genome-containing nucleoid is independent of polyprotein processing. These findings are consistent with previous results showing that the two unprocessed precursors are capable of associating with each other to form a core shell-like structure when coexpressed in transfected cells (7) . Moreover, pulsechase experiments suggest that the proteolytic cleavage of pp220 and pp62 precursors occurs after their incorporation into the assembling particles (7) . Collectively, these results strongly indicate that polyprotein processing is involved in a later maturational step that would be essential for the organization of the core shell and the DNA-containing nucleoid. This process could be accomplished by the presentation of motifs that are masked on the unprocessed precursors and that mediate a stable interaction with one or several components of the internal nucleoid.
Intriguingly, infection with an ASFV Malawi strain recombinant lacking gene 9GL, homologous to yeast ERV1 (36) , leads to the formation of particles with a phenotype characterized by the presence of an irregular and acentric nucleoid (34) , very similar to the one described for the defective vS273Ri particles. This raises the interesting question of whether polyprotein processing is also prevented in cells infected with the 9GL deletion mutant.
VV, which shares a number of properties with ASFV (41), encodes, as mentioned above, a proteinase with sequence similarity to the SUMO-1-processing proteinases. It has been shown that proteolytic processing of the VV core proteins P4a, P4b, and VP8 is tightly coupled to particle assembly, and its absence has been extensively used as an indicator of a defect in viral morphogenesis. A thermosensitive vaccinia mutant, ts16, that maps to the proteinase gene I7 (15, 16) , shows, when grown under restrictive conditions, a blockage in virus morphogenesis with the generation of spherical, not fully sealed particles. These particles contain the unprocessed P4a, P4b, and P28 precursors, a noncentered, dense nucleoid and essentially the same protein composition than that of intracellular mature virus particles obtained under permissive conditions (22, 31) . Thus, a feature shared by VV and ASFV is that proteolytic processing appears to be involved in a maturational step of the core that allows the proper packaging of the nucleoid and formation of an infectious particle.
An interesting question is the reason for the lack of infectivity of the defective vS273Ri particles. One possibility is that the defective particles fail to incorporate one or more essential structural components. Alternatively, the aberrant formation of the core might preclude some crucial early step in infection, such as the uncoating process itself. Thus, in the absence of processing, the entire core could remain bound to the inner envelope through the N-terminal myristic moiety of unprocessed polyprotein pp220 (6), whereas, after proteolytic processing, only the N-terminal 44-amino-acid fragment of pp220 would remain bound to the envelope. In support of this view is the observation of a close association between the viral core and the surrounding envelope in the defective vS273Ri particles and the core retraction in the normal mature particles. This anomaly in the defective particles might hinder the disassembly process, as has been postulated for the uncoating of the incoming particle during human immunodeficiency virus infection (32, 49) . In addition, the presence of the ASFV proteinase in the mature virions (4) raises the possibility that the proteinase activity itself is needed for the disassembly process of the incoming virion, as has been demonstrated for the adenovirus proteinase (28) . Exploration of these possibilities may further contribute to our understanding of the role of polyprotein processing in virus morphogenesis and infectivity.
